Background. Mycobacterium bovis, the causative agent of bovine tuberculosis, infects host macrophages and triggers production of the proinflammatory cytokine interleukin 1β (IL-1β). The mechanism by which macrophages become activated and secrete IL-1β in tuberculosis has not yet been elucidated.
Mycobacterium bovis is the causative agent of tuberculosis in a range of animal species and human, with worldwide annual losses to agriculture and serious implications for human health. The host immune response to M. bovis infection is similar to Mycobacterium tuberculosis infection in humans [1] . M. bovis infects and primarily replicates within macrophages, which serve as key effector cells in activating the innate and adaptive immune responses required to determine the outcome of infection [2] .
Interleukin 1β (IL-1β) is one of the key proinflammatory cytokines that are essential for the recruitment of immune cells from neighboring blood vessels to the site of mycobacterial infection and the regulation of granuloma formation [3] [4] [5] [6] . IL-1 α/β knock-out mice show significantly larger granulomatous lesions in the lung and decreased NO production during mycobacterial infection [5] . Meanwhile, many studies have demonstrated that mice deficient in interleukin 1R (IL-1R) or IL-1β have more susceptibility to mycobacteria with increased mortality and enhanced mycobacterial burden in the lung [7] [8] [9] . The increased susceptibility in IL-1R knock-out mice is a result of defective granuloma formation containing fewer macrophages and lymphocytes, which highlights the importance of IL-1 signaling for the migration of immune cells to the site of mycobacterial infection.
A variety of stimuli, which are sensed by Toll-like receptors (TLR), can lead to the accumulation of proinflammatory cytokines, such as IL-1β and interleukin 18 (IL-18), which are produced in the cytosol from biologically inactive precursors, namely, pro-IL-1β and pro-IL-18, respectively. The inactive pro-IL-1β and pro-IL-18 are cleaved by proteolytic caspase-1, and this process is followed by the release of the mature, active IL-1β and IL-18 into the extracellular space [10] . In addition to its role in the maturation of proinflammatory cytokines, caspase-1 is also involved in a cell death program, known as pyroptosis, which is characterized by plasma-membrane rupture and the release of proinflammatory intracellular contents [11] . The activation of caspase-1 is tightly regulated by a multiprotein complex referred to as the inflammasome [12, 13] . There are several characterized inflammasomes: IPAF (ICE-protease-activating factor) inflammasome, NLRP1 inflammasome (NOD-like receptor family, pryin domain containing 1), and NLRP3 (NOD-like receptor family, pryin domain containing 3) inflammasome [14] [15] [16] [17] . Recently, a new type of inflammasome, known as AIM2 inflammasome, has been identified; it is composed of caspase-1, apoptosisassociated speck-like protein containing a caspase recruitment domain (ASC), and AIM2, a cytosolic receptor for doublestrand DNA [18] [19] [20] . Recognition of double-strand DNA by AIM2 activates the AIM2 inflammasome and induces the maturation of pro-IL-1β to IL-1β. AIM2 inflammasome has been reported to be involved in the secretion of mature IL-1β during infection with several cytosolic bacterial pathogens including Francisella tularensis [21] [22] [23] and Listeria monocytogenes [24] .
Here we investigated the role of AIM2 inflammasome in the response of mouse macrophages to infection with pathogenic strain of M. bovis and showed that AIM2 inflammasome plays an important role in caspase-1 activation and IL-1β secretion in M. bovis-infected macrophages.
METHODS
Virulent M. bovis Beijing strain was obtained from China Institute of Veterinary Drug Control (CVCC, China). Bacteria were grown to midlogarithmic phase from frozen stocks in 7H9 Middle brook media (BD Biosciences) containing albumindextrose-catalase (ADC) enrichment solution and 0.05% Tween-80 (Difco) for 1 week at 37°C. J774A.1 macrophage cultures and bone-marrow derived macrophages (BMDMs) were infected with M. bovis at a multiplicity of infection (MOI) of 10. After 2 hours, infected cells were washed 3 times with warm phosphate-buffered saline (PBS) to remove extracellular bacteria. All infection experiments were performed for 3 times. IL-1β secretion, caspase-1 activation, and cell death assays were performed as described elsewhere [15, 17] . The rest of information about regents, cell cultures, small interfering RNA (siRNA) transfections, quantitative real-time polymerase chain reaction (PCR), immunoblotting analysis, lactate dehydrogenase (LDH)-release assay, and transmission electron microscopy is presented in Supplementary methods.
Statistical Analysis
All assays were performed on 3 separate occasions. Results are expressed as means ± SD. All comparisons of data were made using 1-way ANOVA followed by post hoc Turkey's test or Student t test. SPSS software (Chicago, IL, USA) was used, and P < .05 was considered significant.
RESULTS

M. bovis Infection of Mouse Macrophages Induces Casapse-1 Activation and IL-1β Secretion
M. bovis is known to trigger the secretion of IL-1β in macrophages [25] [26] [27] . To investigate the role of caspase-1 cleavage in M. bovis-induced IL-1β secretion, we infected J774A.1 mouse macrophages with M. bovis at MOI of 10 and then examined the cleavage of caspase-1 in culture supernatants by immunoblotting. We found that M. bovis infection led to the cleavage of pro-casapse-1 (45 KD) to caspase-1 (10 KD) at 6 hours, 24 hours, and 48 hours postinfection ( Figure 1A ).
Mature IL-1β (17 KD) was detected in culture supernatants, with the highest level observed at 24 hours postinfection. IL-1β release was also observed in BMDMs infected with M. bovis ( Figure 1B) .
We then tested whether the observed IL-1β secretion depends on the cleavage of caspase-1 during M. bovis infection. For that purpose, J774A.1 macrophages were infected with M. bovis in the presence or absence of caspase-1 specific inhibitor, z-YVAD-fmk. The IL-1β secretion in culture supernatants was significantly reduced when cells were pretreated with z-YVAD-fmk ( Figure 1C) .
We also examined cell death in M. bovis-infected macrophages by measuring the release of lactate dehydrogenase (LDH), a cytosolic enzyme released in cell supernatant upon the loss of cell integrity and used as a marker of cell death process. We found that M. bovis triggered the death of macrophages, and the percentage of dead macrophages gradually increased with the infection time ( Figure 1D ). The pretreatment with z-YVAD-fmk significantly reduced M. bovis-induced cell death in J774A.1 macrophages, which suggests that M. bovisinduced cell death depends on casapse-1 activation.
M. bovis Up-Regulates the mRNA Expression of AIM2 and ASC Recent studies have shown that the AIM2 inflammasome was activated by cytosolic double-strand DNA, such as that from cytosolic bacteria and DNA virus [18, 19, [21] [22] [23] [24] . As a type of cytosolic bacteria, mycobacteria can escape from the phagosome to the cytosol [28] , which may lead to the AIM2 inflammasome activation. To verify this hypothesis, we first examined the effect of M. bovis infection in the messenger RNA (mRNA) expressions of AIM2 and ASC in the J774A.1 macrophages and mouse BMDM. We found that the mRNA expressions of both AIM2 and ASC were up-regulated by M. bovis infection at a MOI of 10 ( Figure 2A and 2C). The up-regulation of the mRNA level of AIM2 was statistically significant as early as at 12 hours postinfection and was most pronounced at 24 hours postinfection with more than 5-fold increase over control. The up-regulation of the mRNA level of ASC was statistically significant at 24 and 48 hours postinfection. Consistent with these observations, the mRNA expressions of both AIM2 ( Figure 2B ) and ASC ( Figure 2D ) were also significantly increased in BMDMs infected with M. bovis, albeit in a pattern not identical to that observed in J774A.1 cells. The difference in the expression pattern of AIM2 and ASC between BMDM and J774A.1 may be due to the difference in the origin of macrophages. However, the fact remains that in both types of macrophages the expression pattern was significantly up-regulated compared to control at the times points of 24 and 48 hours postinfection. The investigation of the effect of bacterial load on the up-regulation of AIM2 was carried out by exposing J774A.1 cells to 3 different MOI (10, 20 , and 100) and showed that the up-regulation of mRNA level of AIM2 by M. bovis infection was enhanced by the increased bacterial load at all time points, especially at 24 and 48 hours postinfection ( Figure 2C ), suggesting that M. bovis-induced up-regulation in the mRNA expression of AIM2 is positively correlated to the bacterial load.
M. bovis-induced Release of IL-1β Requires the AIM2 Inflammasome
To further determine the role of the AIM2 inflammasome in mycobacterial infection, we used small interference RNA (siRNA) to knock down the expression of AIM2 in J774A.1 macrophages ( Figure 3A) . The siRNA-mediated knockdown of AIM2 expression in J771A.1 macrophages significantly diminished M. bovis-induced IL-1β secretion and caspase-1 activation ( Figure 3B ). AIM2 disruption also abrogated the release of LDH at 24 hours postinfection ( Figure 3C ), suggesting that AIM2 plays a critical role in pyroptosis cell-death pathway.
The AIM2 inflammasome, as a multiprotein complex, consists of AIM2, ASC, and pro-caspase-1. Given that ASC is strictly required for AIM2-mediated caspase-1 activation by pyrin-pyrin interaction between AIM2 and ASC, we used ASCtargeting siRNA to investigate the involvement of ASC during the interaction between AIM2 inflammasome and M. bovis. IL-1β secretion was significantly reduced in the ASC-disrupted cells ( Figure 3D ). Taken together, the results indicated that the AIM2 inflammasome is critical for IL-1β release and cell death in response to M. bovis infection.
M. bovis-induced AIM2 Inflammasome Activation Requires Cytoplasmic Potassium Efflux and Mycobacterial Internalization but not Reactive Oxygen Species
Cytoplasmic potassium efflux is known to play a critical role in the activation of the NALP3 inflammasome [29, 30] and the AIM2 inflammasome [22] . To investigate the relevance of a lower potassium cytosolic environment for M. bovis-induced AIM2 inflammasome activation, J774A.1 macrophages were exposed to M. bovis infection under extracellular potassium concentrations of 0, 30, 60, or 80 mM. Consistent with previous studies, IL-1β secretion was completely blocked by extracellular potassium concentration >60 mM ( Figure 4A and 4B). High extracellular potassium concentration also significantly reduced the M. bovis-induced upregulation in mRNA levels of AIM2 and ASC ( Figure 4C and 4D) . These results indicate that cytoplasmic potassium efflux is required for the formation and activation of the AIM2 inflammasome.
Similarly, treatment with cytochalasin D, a phagocytosis inhibitor, significantly reduced M. bovis-induced IL-1β secretion ( Figure 4A and 4B) and downregulated mRNA expressions of AIM2 and ASC ( Figure 4C and 4D) , suggesting that mycobacterial internalization is required for M. bovis to induce the AIM2 inflammasome activation in macrophages.
Interestingly, the treatment with N-acetyl-L-cysteine (NAC), functioning to scavenge Reactive Oxygen Species (ROS), reduced IL-1β secretion ( Figure 4A and 4B) but amplified the upregulation of AIM2 and ASC mRNA levels in M. bovis-infected macrophages ( Figure 4C and 4D ). This suggests that ROS release participated in the regulation IL-1β secretion through AIM2 inflammasome-independent mechanisms and highlights the complexity of the mechanisms involved in the regulation of IL-1β secretion in M. bovis-infected macrophages. Previously, it was reported that the production of IFN-β was enhanced in response to cytosolic double-strand DNA in AIM2-deficient mouse macrophages [21] . In agreement with this, we found that M. bovis infection upregulated the mRNA expression of IFN-β in macrophages, and that this response was enhanced in AIM2-disrupted macrophages ( Figure 5A ), which suggests that AIM2 activation might have a negative regulatory effect on the production of IFN-β.
The production of IFN-β has been shown to play an important role in the AIM2 inflammasome activation by F. tularensis and L. monocytogenes [31, 32] . To determine the role of IFN-β in M. bovis-induced activation of the AIM2 inflammsome, we treated J774A.1 macrophages with exogenous IFN-β during M. bovis infection. Interestingly, although exogenous IFN-β significantly reduced M. bovis-induced IL-1β secretion, IFN-β had no effect on caspase-1 activation ( Figure 5B ). In contrast to IFN-β, exogenous IFN-γ had no effect on IL-1β secretion in M. bovis-infected macrophages ( Figure 5D ). We then examined the mRNA expression of IL-1β by quantitative PCR and found that exogenous IFN-β significantly decreased the upregulation of IL-1β mRNA level induced by M. bovis infection ( Figure 5C ). These data indicate that IFN-β regulates IL-1β secretion at pretranscriptional level but does not affect the AIM2 inflammasome activation in M. bovis-infected mouse macrophages.
The AIM2 Inflammasome Activation Promotes TNF-α and CCL3 Expression
Mycobacteria-infected macrophages produce cytokines and chemokines such as tumor necrosis factor α (TNF-α), chemokine (C-C motif ) ligand 2 (CCL2) and CCL3, which in turn drive the recruitment of neutrophils, natural killer (NK) cells, T cells, and the formation of granuloma [33] . We therefore investigated whether the AIM2 inflammasome activation is involved in the production of these cytokines and chemokines during M. bovis infection. The knockdown of AIM2 and ASC significantly reduced the mRNA expression of TNF-α and CCL3 ( Figure 6A and 6B) in M. bovis-infected macrophages. The extent of downregulation was more pronounced in ASCdisrupted macrophages than in AIM2-disrupted ones. This indicates that the AIM2 inflammasome activation contributes to the production of proinflammatory cytokines and chemokines in M. bovis-infected macrophages.
M. bovis Escapes from the Phagosomes to the Cytosol in Mouse Macrophages
It has been demonstrated that the AIM2 inflammasome activation is induced by cytosolic double-strand DNA. The cytosolic DNA delivered by F. tularensis during its escape from the phagosome is regarded as the critical ligand that triggers the AIM2 inflammasome activation [34] .
We therefore proceeded to examine the intracellular location of M. bovis in J774A.1 macrophages at 24 hours postinfection by transmission electron microscopy (TEM). Some bacteria were not surrounded with apparent host membrane ( Figure 7A ), indicating that M. bovis escaped from the phagosome to the cytosol; about 17% of the bacteria were present in the cytoplasm of infected cells ( Figure 7B ). These data suggest that the bacteria which escaped from the phagosome to the cytosol may be the source of cytosolic DNA that triggers the AIM2 inflammasome activation in M. bovis-infected macrophages.
DISCUSSION
Virulent mycobacteria are known to reside and survive in the phagosome by inhibiting the fusion of phagosomes and lysosomes and the acidification of the lysosomes. Recently, it has been reported that M. tuberculosis and M. leprae translocate from the phagolysosome to the cytosol in myeloid cells [28] . Given that the AIM2 inflammsome is activated by the cytosolic DNA, we hypothesized that mycobacteria translocate to the cytosol and activate the AIM2 inflammasome during infection with virulent strain of M. bovis. To verify this hypothesis, we carried out the present study and found that infection with virulent strain of M. bovis indeed activated the AIM2 inflammasome in mouse macrophages. This is in line with a recent report that has demonstrated a critical role of AIM2 in M. tuberculosis infection [35] and adds M. bovis to the continually expanding list of intracellular bacteria that can activate the AIM2 inflammasome.
The siRNA-mediated disruption of either AIM2 or ASC significantly attenuated caspase-1 activation and IL-1β secretion, and largely reduced the rate of cell death during M. bovis infection. But the knockdown of either AIM2 or ASC did not completely blocked IL-1β secretion, as residual mature IL-1β was still detected in cellular supernatants. This may be due to the incomplete silencing of either AIM2 or ASC with siRNAmediated disruption, or to the existence of alternative pathways for IL-1β production that bypass these 2 molecules [9] .
Recent reports have shown that NALP3 is involved in the release of IL-1β in mycobacteria infected-macrophages [36, 37] , whereas others have shown that NALP3 is not essential for host defense in either active or chronic mycobacterial infection in vivo [38] [39] [40] . Taken together with the results we reported here, these data suggest that no single molecular platform could account for the regulation of IL-1β secretion and maturation during mycobacterial infection, and that several types of inflammasomes may be involved in the regulation of IL-1β production, with each type being most relevant at a specific stage of mycobacterial infection. Accordingly, the involvement of AIM2 inflammasome may be most critical after the translocation of mycobacteria to the cytosol of the infected cells.
The involvement of the AIM2 inflammasome in the regulation of IL-1β production may not only be limited to the control of pro-IL-1β maturation but may go beyond that to include the promotion of the mRNA transcription of pro-IL-1β. Indeed, we showed that siRNA-mediated silencing of AIM2 significantly increased the expression of IFN-β, a cytokine known for its inhibitory effect on pro-IL-1β transcription during mycobacterial infection [41] . This suggests that the activation of the AIM2 inflammasome may alleviate the inhibitory effect of IFN-β on the mRNA transcription of pro-IL-1β in M. bovisinfected macrophages.
Proinflammatory cytokines and chemokines play an important role in the recruitment and activation of macrophages to mycobacteria-infected tissues. As shown in our results, the activation of the AIM2 inflammasome promotes the expression of proinflammatory cytokines and chemokines. This proinflammatory effect of the AIM2 inflammasome activation may be a direct result of its effect on maturation of IL-1β, which is well known for its involvement in the activation of several proinflammatory pathways.
The mechanisms of inflammasome activation have been widely investigated in other types of inflammasome, especially the NALP3 inflammasome. Despite the unique particularity of the AIM2 inflammasome compared to other types of inflammasomes, they still share some common features in their mechanisms of activation. The efflux of cytoplasmic potassium is the mechanism of activation that has been invariably associated with other types of inflammasome and has been shown in our study to be involved in the mycobacterial-induced activation of the AIM2 inflammasome as well, as indicated by the significant decrease in IL-1β secretion and the downregulation in the mRNA expression of AIM2 and ASC in M. bovis-infected macrophages in the context of high extracellular potassium concentration; this similarity in the mechanism of activation of different types of inflammasome may be due to the fact that they share key molecular components, such as ASC in the case of the NALP3 and AIM2 inflammasomes. On the other hand, the generation of ROS seems to be irrelevant to activation of the AIM2 inflammasome, whereas it accounts for the activation of the NALP3 inflammsome; this may be explained by the fact that ROS selectively inhibits the priming that is required for the activation of the NALP3 inflammasome but not the AIM2 inflammasome [42] .
Finally, we reported that M. bovis translocated from the phagosome into the cytosol. Similar translocations of M. tuberculosis and M. marinum have been described in other studies [28, 43, 44] . However, the translocation of M. bovis observed in our study occurred 24 hours earlier than M. tuberculosis translocation into the cytosol in human DCs reported in another study. This may be due to the difference between the 2 mycobacterial species, or the difference between the types of cells used in the studies.
The exact mechanism by which M. bovis delivers its DNA into the cytosol is unclear. The cytosolic DNA, which activates the AIM2 inflammasome, may have 2 sources: (1) DNA produced by the breakdown and digestion of killed M. bovis by lysosomal enzymes shortly after M. bovis enter into the macrophages or (2) DNA from live M. bovis escaping from the phagosome into the cytosol. Our findings support a crucial role of mycobacterial translocation into the cytosol in the activation of the AIM2 inflammasome in M. bovis-infected macrophages.
Taken together, our results demonstrate that the infection of macrophages with virulent strain of M. bovis led to the activation of the AIM2 inflammsome, which in turn stimulates the production of mature IL-1β, and that this activation is due, at least in part, to mycobacterial translocation into the cytosol. These findings contribute to the understanding of the mechanisms of innate immune response during mycobacterial infection. . Data were showed as the mean ± SD from three independent experiments. *P < .05 and **P < .01, siAIM2 vs siCon, or siASC vs siCon. Abbreviations; IFN, interferon; IL, interleukin; mRNA, messenger RNA; PCR, polymerase chain reaction; SD, standard deviation; TNF, tumor necrosis factor.
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